We compare alternative planar cavity structures for strong exciton-photon coupling, where the conventional distributed Bragg reflector (DBR) and three unconventional types of cavity mirrors -air/GaAs DBR, Tamm-plasmon mirror and sub-wavelength grating mirror. We design and optimize the planar cavities built with each type of mirror at one side or both sides for maximum vacuum field strength. We discuss the trade-off between performance and fabrication difficulty for each cavity structure. We show that cavities with sub-wavelength grating mirrors allow simultaneously strongest field and high cavity quality. The optimization principles and techniques developed in this work will guide the cavity design for research and applications of matter-light coupled semiconductors, especially new material systems that require greater flexibility in the choice of cavity materials and cavity fabrication procedures.
We compare alternative planar cavity structures for strong exciton-photon coupling, where the conventional distributed Bragg reflector (DBR) and three unconventional types of cavity mirrors -air/GaAs DBR, Tamm-plasmon mirror and sub-wavelength grating mirror. We design and optimize the planar cavities built with each type of mirror at one side or both sides for maximum vacuum field strength. We discuss the trade-off between performance and fabrication difficulty for each cavity structure. We show that cavities with sub-wavelength grating mirrors allow simultaneously strongest field and high cavity quality. The optimization principles and techniques developed in this work will guide the cavity design for research and applications of matter-light coupled semiconductors, especially new material systems that require greater flexibility in the choice of cavity materials and cavity fabrication procedures. a) Electronic mail: dengh@umich.edu 1 Strong coupling between semiconductor quantum well (QW) excitons and cavity photons leads to new quasi-particles -microcavity polaritons. Since their discovery 1 , planar microcavity polaritons have become a fruitful ground for research on fundamental cavity quantum electrodynamics, macroscopic quantum coherence, and novel device applications [2] [3] [4] . Crucial for polariton research is a cavity with a strong vacuum field strength E at the QW plane and a high quality factor Q. A strong vacuum field leads to stronger exciton-photon coupling and thus a larger vacuum Rabi splitting between the polariton modes. A high quality factor leads to long lifetime and coherence time of the cavity photon and correspondingly the polariton. They together enable robust polariton modes, thermodynamic formation of quantum phases, and polariton lasers with lower density threshold at higher operating
Given the importance of a strong cavity field, there has been a few decades of effort to improve the cavity field strength. Most commonly used in polariton research are planar Fabry-Perot (FP) cavities formed by two distributed Bragg reflectors (DBRs), each DBR consisting of either epitaxially-grown, closely lattice-matched alloys or amorphous dielectric layers. This type of cavity can reach Q of tens of thousands in III-As based systems 5, 6 , but only about a thousand for III-N 7,8 and even lower for other material systems 9, 10 . The field penetrates many wavelengths into the DBR, hence the field strength is not optimal 11, 12 .
To achieve a stronger field, different cavity structures have been developed with reduced effective cavity length, including using a metal mirror 13 and using Al-oxide 14-16 or air/GaAs DBRs 13,17 with larger index contrast. These structures showed greater polariton splitting but unfortunately worse Q compared to AlGaAs-based DBRs; polariton lasing have not been possible in these structures. Recently, cavities using a high index-contrast sub-wavelength grating (SWG) 18 were demonstrated for polariton lasers 19 . Not only does SWG allow greater design flexibility 20, 21 and compatibility with unconventional materials, it is only a fraction in thickness compared to typical DBRs, making it promising for shorter effective cavity length.
Yet the demonstrated SWG-based polariton cavity was not optimized for strong cavity field.
Here we demonstrate how to optimize these different types of cavity for the strongest field, and compare their polariton splitting, quality factors and practicality for fabrication.
In particular, we find SWG cavities may allow simultaneously stronger field and high Q.
The cavity field relevant to the exciton-photon coupling is the vacuum fluctuation field.
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Its strength E is normalized to the zero-point photon energy by
where ǫ is the permittivity, and ω c is the cavity resonance energy. The integral is evaluated in the entire space with a spatial-dependent ǫ. For a planar cavity, we consider the field being confined in the z-direction but unbounded in the x and y directions. The integration
where L x and L y are set to be much larger than the wavelength, and L z is set at some cutoff point where the field has decayed significantly (∼1%).
The maximum field strength E max serves as our main figure of merit for cavities designed for strong coupling. Specifically, for a QW placed at the field maximum, the vacuum Rabi splitting Ω is directly proportional to d · E max , for d the QW exciton dipole moment. We note that the E max is closely related to the mode volume commonly used to characterize photonic crystals cavity 22, 23 as well as the effective cavity length L c for planar cavities 11 .
We choose E max over L c because the vacuum Rabi splitting is determined by not only L c but also ǫ as Ω ∝ (ǫL c ) −1/2 , 12 while ǫ can vary by an order of magnitude in different cavities. Therefore the maximum vacuum field strength is the most unambiguous quantity to characterize the cavity for strong coupling. Also, we focus on high-Q cavities but do not optimize for Q. This is because for cavities designed to have sufficiently high Q, the experimentally achievable Q depends mainly on practical constrains such as chemical purity and structural integrity of the fabricated structure.
In the following, we optimize the maximum vacuum field strength E max for different types of planar cavities. Based on Eq. 1, the E max is enhanced in cavities with (i) a tightly confined field profile E(r) and (ii) materials of low refractive indices. A tightly confined field profile effectively reduces the range of integration, enhancing the field maximum. For a planar cavity, this means using the shortest possible cavity length (half wavelength) and using mirrors with shorter field penetration length. Equally important, lower refractive indices lead to higher E(r), especially in the cavity layer where most of the field resides.
Vacuum or air has the lowest refractive index. Although not applicable to crystalline QWs that needs mechanical support and surface protection, air-cavities can greatly enhance field strength for QWs formed by two-dimensional (2D) van der Waals materials.
We use transfer matrix method for calculations of DBR-based cavities, and rigorous coupled-wave analysis (RCWA) for SWG-based cavities. We obtain the cavity resonance from the reflection spectrum of the cavity, using the real-valued bulk permittivity ǫ ∞ for the QW layer. Then we compute complex field distribution at the resonance and normalize the field using Eq. 1. To include the exciton-photon coupling, we use a linear dispersion for the QW layer 24 modeled by a Lorentz oscillator 25 :
where f is the oscillator strength per unit area, q and m are the charge and mass of the electron respectively, L z is the QW thickness, e 0 is the exciton energy, and γ is the exciton linewidth. For a fair comparison of the different types of cavities, we focus on 2D halfwavelength cavities with a single QW placed at the field maximum. 26 We use III-As systems as an example, because polariton cavities of highest qualities are all based on III-As systems.
The cavity is made of Al x GaAs alloys where the different Al content gives different refraction index, with AlAs the lowest (n = 3.02), GaAs the highest (n = 3.68), and Al x GaAs a linear interpolation (n = 3.68 − 0.66x). For the QW, we consider either a 12 nm GaAs/AlAs QW or a 7 nm InGaAs/GaAs QW. For simplicity and ease of comparison, we assume both to have the same exciton energy of 1.550 eV (800 nm) 19 , oscillator strength of f = 6 × 10 −4Å−2 27 and γ = 0.8 meV.
As a benchmark, we first describe the performance of the most widely used, monolithic DBR-DBR cavities. DBRs are typically made of multiple pairs of high-and low-index layers, all with an optical path length (OPL) of λ/4, for λ the cavity resonance wavelength. High reflectance is achieved by maximal constructive interference among multi-reflections from the layer interfaces. Light decays in a distance inversely proportional to the refraction index contrast of the DBR pair. So a high index contrast is preferred for the DBR pair. For a monolithic III-As cavity with a GaAs QW, we use AlAs (n = 3.02) for the low-index layer and Al 0.15 Ga 0.85 As (n = 3.58) for the high index layer, where 15% AlAs alloy is included instead of pure GaAs to avoid absorption at the QW exciton resonance. We consider a bottom DBR with 20 pairs on GaAs substrate, and a top DBR with 16.5 pairs, matching the reflectance of the bottom DBR. An experimental cavity Q of a few thousands can be readily achieved with this structure. More DBR pairs will lead to a higher Q, but will have negligible effect on the field confinement or the vacuum Rabi splitting.
To show the enhancement of the cavity vacuum field strength by reducing cavity length, we vary the cavity layer OPL from λ/2 to 8λ. As shown in Fig. 1 , E max increases with decreasing cavity length, and the polariton splitting scales linearly with E max . This confirms the E max as an appropriate figure of merit for optimizing exciton-photon coupling. The field distribution of the best-performing λ/2 cavity is shown in Fig. 2(a) . The maximum field strength is E max = 1.89 × 10 −6 V/ L x L y at the QW, but the field extends many wavelengths into the DBRs due to the relatively small index contrast (< 1.2 : 1) of the DBR layers. The reflectance spectrum shows a polariton splitting of 4.54 meV (Fig. 2(b) ).
This conventional cavity can be fabricated by mature epitaxial growth technology as a monolithic crystalline structure with few impurities or defects. However, the requirement of lattice-matched materials, with resultantly small index contrast, leads to limited field confinement.
For the second type of cavity, we increase the index contrast of the DBR layer by replacing the AlAs layer by air or vacuum (n = 1), which we call an air-DBR. It can be created via selective wet etching 13, 17 . It represents the the highest possible refraction index contrast for a DBR. The GaAs QW still needs to be embedded inside an AlAs cavity (as opposed to an air cavity) to avoid detrimental surface effects. Each material layer -both the cavity layer and the Al 0.15 GaAs layers in the DBRs, need to be sufficiently thick for mechanical stability. As, lighter red is the lower index AlAs, white region is air, and the thin stripe at the field maximum is a GaAs QW.
All three structures sit on GaAs substrate, which is not shown in (a) and (c). The vacuum field strength has a unit of Volt/(normalization length in meters).
The experimentally realized structure used a minimum OPL of 3λ/4 for each suspended layer 17 , which we also adopt. Based on this, Fig. 2(c) shows the optimal structure we obtained. The top mirror consists of 3 pairs of Al 0.15 Ga 0.85 As/air layers. The air layer has λ/4 OPL, the Al 0.15 Ga 0.85 As layer has 3λ/4 OPL (∼ 168 nm). The bottom DBR is the same as in the DBR-DBR cavity ( Fig. 2(a) ). The maximum field strength is increased to
The corresponding vacuum Rabi splitting is Ω = 5.51 meV, 21% larger than the conventional DBR cavity.
Further increase of the field confinement can be obtained by replacing the bottom DBR also by an air-DBR, as shown in Fig. 2(e) . An experimentally fabricated air-DBR cavity 17 used a 7 nm In 0.13 GaAs QW embedded in a GaAs high-index λ-cavity. For this structure,
we calculated E max = 2.47 × 10 −6 V/ L x L y and Ω = 6.32 meV (Fig. 1) , which is 39% improvement over the conventional DBR cavity.
The structure can be further optimized by using a cavity layer of low refraction index.
However, an AlAs-cavity is incompatible with the selective wet-etching required to create the bottom air-DBR; instead a Ga-rich layer is needed. Hence, for the cavity, we use a Al 0.4 Ga 0.6 As (n r = 3.33) layer of λ/2 OPL sandwiched between two Al 0.15 Ga 0.85 As (n r = 3.58) layers of λ/4 OPL, for a total OPL of λ. Similarly the 3/4λ-OPL high-index DBR 6 layer can also be replaced by such sandwich structure to improve the index contrast. The wet etching selectivity of AlAs over Al 0.4 Ga 0.6 As has been shown to be 10 7 . 28 A 12 nm GaAs QW is placed at the center of the cavity. We obtain E max = 2.91 × 10 −6 V/ L x L y and Ω = 7.02 meV, 55% larger than conventional DBR cavity. This structure represents the best Rabi splitting in realistic DBR-based III-As cavities.
To obtain even tighter field confinement, we consider another two types of cavities where the DBR is replaced by mirrors with shorter penetration depth -a metal mirror and a sub-wavelength grating mirror. Metal mirror, with a typical penetration depth of less than 100 nm, can be used to form Tamm-plasmon polaritons 29 . The optimal metal-DBR cavity we find consists of 45 nm thick gold layer as the top mirror ( Fig. 3(a) ), the same bottom DBR as in the conventional DBR-DBR cavity is used, and a λ/2 AlAs cavity layer slightly adjusted to compensate for the change of the reflection phase from π.
In this structure, the field decays rapidly in the gold layer, resulting in a much shorter effective cavity length ( Fig. 3(a) ), therefore a much higher vacuum field strength. We obtain
and Ω = 6.51 meV, 43% larger than conventional DBR cavity. This is an impressive improvement considering only one side of the cavity is replaced by a metal mirror. The structure was used to create the first organic polariton 31,32 . In III-As cavities, Grossmann et al 13 additionally replaced the bottom DBR with an air DBR to further improve the vacuum Rabi splitting to about double that of the conventional DBR cavity. 33 However, the drawback of this structure is the low cavity Q due to metal loss. The cavity linewidth is comparable to the Rabi splitting; the system remains in the intermediate coupling regime rather than the strong coupling regime (Fig. 3(b) ) 34 . The large loss in metal also makes it difficult to achieve quantum degeneracy or low threshold laser.
To maintain both a high cavity Q and short cavity length, we use a III-As subwavelength grating (SWG) for the fourth type of cavity 18, 19 . The SWG is a thin layer of high-index dielectric grating suspended in air, acting as the high-reflective mirror (Fig. 4(a) ). To avoid non-zero order evanescent diffraction waves entering the cavity layer, we include a 3/4λ air-gap between the SWG and the bottom structure. The λ/2 cavity layer and bottom DBR are identical to the conventional DBR cavity as in Fig. 2(a) . We obtain E max = 2.23 × 10 −6 V/ L x L y and Ω = 5.37 meV, both 19% larger compared to the conventional DBR cavity and comparable to the single-sided air-DBR cavity. The advantage of the SWG-DBR cavity is its high cavity quality and simplicity in fabrication. The structure is first Tighter cavity field confinement can be achieved when replacing the bottom DBR also by an SWG. As shown in Fig. 4 (b) , a λ/2 AlAs cavity layer sandwiched by two Al 0.15 Ga 0.85 As λ/4 layers is air-suspended between two identical SWGs. Because of the evanescent diffraction waves from the SWGs, the field at the QW is slightly non-uniform. We record an average vacuum strength at the QW to be 2.92
The vacuum Rabi splitting is Ω = 7.58 meV, 67% larger than that of the conventional DBR cavity.
The fabrication of such a double-SWG cavity is more challenging than the SWG-DBR hybrid cavity, but within reach of established fabrication techniques. The top-SWG and the rest of the structure can be fabricated separately at first, then they can be bonded together by cold welding 38 or stacked together using the micromanipulation technique applied to making 3D photonic crystals 39 . Alternatively, one could make the SWGs from Si/SiO2
wafer, then do a wafer bonding with the III-V active layer 40 . Additional practical challenges include heat dissipation and proper design of current injection path for electrical-pumped polariton devices. Finally we note that the SWG-based cavity may be particularly useful 
